Aims/hypothesis. Stress can evoke a prothrombotic state with activated platelets and leucocytes, and increased platelet activation at rest has been reported for diabetic subjects. Thus, prothrombotic responses to stress may be enhanced in diabetes mellitus. We therefore evaluated platelet and leucocyte responses to exercise in Type 1 diabetic patients. Methods. Type 1 diabetes mellitus patients with good metabolic control and healthy subjects matched for age and body mass index (n=15 for both) performed a maximal exercise test. Platelet and leucocyte activation and their heterotypic aggregation were monitored by whole blood flow cytometry. Results. Diabetic platelets did not show higher basal levels of P-selectin expression, but were more reactive to ADP and thrombin stimulation. Diabetic patients had increased lymphocyte and monocyte CD11b expression, and increased circulating platelet-monocyte aggregates. Exercise evoked thrombocytosis, increased circulating platelet P-selectin expression, enhanced platelet sensitivity to ADP and thrombin, and elevated plasma levels of soluble P-selectin to a similar degree in diabetic patients and healthy subjects. Exercise induced marked leucocytosis and elevated plasma elastase, but only slightly increased leucocyte CD11b expression and leucocyte reactivity to stimulation by N-formyl-methionyl-leucyl-phenylalanine. In all of these there was no difference between diabetic patients and healthy subjects. The numbers, but not percentages of circulating platelet-leucocyte aggregates were markedly increased by exercise, but the increase was less prominent among diabetic patients. Conclusions/interpretation. Strenuous exercise evokes platelet and leucocyte activation in Type 1 diabetic patients and healthy subjects. Platelet and monocyte hyperactivity were found at rest, but responses to stress were not augmented in metabolically well-controlled Type 1 diabetes mellitus patients.
Introduction
Diabetes mellitus is associated with an increased risk of cardiovascular morbidity and mortality, in which platelet and leucocyte dysfunction play important roles [1] . Thus, diabetic platelets are larger in size and express more adhesion molecules, such as glycoproteins IIb/IIIa and P-selectin [2, 3] . Platelets from diabetic patients are also hyperreactive to in vitro stimulation [4] . Diabetic leucocytes show increased elastase activity [5] , enhanced adhesion molecule expression [6] and increased aggregability [7] . Other leucocyte functions, such as cell deformability [8] , chemotaxis, and superoxide anion production [9] are also impaired in diabetic patients.
Stress may provoke cardiovascular events such as myocardial infarction [10] , and responsiveness to stress may be of importance for cardiovascular risk.
Exercise is a useful model in stress research [11, 12, 13] , as it induces thrombocytosis and leucocytosis, activates platelets and leucocytes in vivo, potentiates their reactivity to in vitro stimuli and increases platelet-leucocyte heterotypic aggregation [11, 13] . Exercise also elevates coagulant factors, e.g. fibrinogen, FVIII and thrombin [12, 13, 14] . These changes may thus act in concert to promote a pro-thrombotic state during stress elicited by exercise.
Exercise induces more marked platelet activation in certain clinical settings, such as myocardial infarction [15] . Decreased prostacyclin production in response to strenuous exercise has been reported in Type 1 diabetic patients [16] . We thus hypothesised that exercise would elicit greater prothrombotic responses in Type 1 diabetes mellitus. We tested this hypothesis by comparing the effects of exercise on platelet and leucocyte activation in Type 1 diabetic patients with good metabolic control and matched healthy control subjects. Platelet and leucocyte activation ex vivo and reactivity to agonist stimulation in vitro were assessed by whole blood flow cytometry. Plasma levels of soluble P-selectin, elastase and von Willebrand factor were also measured to monitor platelet, leucocyte and endothelial activation respectively.
Subjects and methods
Subjects. Fifteen Type 1 diabetes mellitus patients and 15 healthy subjects gave informed consent to participate in the study, which was approved by the Ethics Committee of the Karolinska Institute.
Demographic variables and clinical characteristics are given in Table 1 . The diabetic patients were in good metabolic control. Apart from mild background retinopathy in three patients, no other clinical signs of diabetic micro-and/or macroangiopathy were found. All subjects were non-smokers, had antecubital veins allowing clean venepunctures and stated that they had not taken aspirin or other platelet-active medication during the 2 weeks preceding the experiments.
Experiment procedures. All subjects had a light breakfast before coming to the laboratory for the exercise test, and were instructed not to drink beverages containing caffeine for at least 12 hours before the experiments. The patients also had their morning insulin injection. At 09.00 hours, the participants rested in the supine position for 30 minutes before pre-exercise blood sampling. After another 30 minutes of rest to allow processing of the resting samples, exercise was carried out on a computerised bicycle ergometer (Siemens-Elema AB, Solna, Sweden), with a starting workload of 30 W and increments of 10 W/min. Blood pressure and heart rate were monitored throughout the exercise process, and fatigue was estimated using the 20-grade Borg scale. Exercise was terminated upon exhaustion, i.e. at 19 to 20 on the Borg scale, and post-exercise blood samples were taken immediately afterwards.
Reagents. All antibodies were used at optimal concentrations, as determined by titration. Platelets were identified with fluorescein isothiocyanate (FITC)-conjugated anti-CD42a (GPIX) monoclonal antibody (MAb) Beb 1 (Becton Dickinson, San Jose, Calif., USA), and leucocytes were identified with R-phycoerythrin (RPE)-conjugated anti-CD45 MAb T29/33 (DAKO, Glostrup, Denmark). Platelet P-selectin expression was determined by RPE-CD62P MAb AC1.2 (Becton Dickinson). Leucocyte CD11b expression was determined by an FITC-conjugated MAb BEAR 1 (Immunotech, Marseille, France). FITC-and RPE-conjugated isotypic MAbs were used as negative controls. Fluorescent beads (Sphero Rainbow particles, 1.8-2.2 µm) used for platelet counting were from PharMingen (San Diego, Calif., USA).
ADP, thrombin, N-formyl-methionyl-leucyl-phenylalanine (fMLP) and HEPES were from Sigma (St Louis, Mo., USA).
Flow cytometry. Venous blood was collected by venepuncture without stasis, using siliconised vacutainer tubes containing 1/10 volume of 3.8% trisodium citrate (Becton Dickinson, Meylan, France). Five microlitre aliquots of blood were immediately added to HEPES-buffered saline (150 mmol/l NaCl, 5 mmol/l KCl, 1 mmol/l MgSO 4 , 10 mmol/l HEPES, pH 7.4) containing appropriately diluted antibodies in the absence or presence of the agonists. Samples were incubated at room temperature in the dark for 20 min, and then diluted and mildly fixed with 0.5% formaldehyde saline.
Whole blood flow cytometric assays for measurements of platelet P-selectin expression [17] , leucocyte CD11b expression [18] , and platelet-leucocyte aggregates (PLAs) [17] have been described in detail previously. Platelet P-selectin expression data are reported as percentages of P-selectin-positive cells in the platelet population and as the absolute P-selectinpositive platelet count. Leucocyte CD11b expression is reported as mean fluorescence intensity of the total leucocyte population and leucocyte subpopulations. Platelet-leucocyte aggregates are presented as absolute counts and percentages of platelet-conjugated leucocytes in the total leucocyte population (i.e. PLA) and among lymphocytes (i.e. platelet-lymphocyte aggregates, P-Lym), monocytes (platelet-monocyte aggregates, P-Mon) and neutrophils (platelet-neutrophil aggregates, P-Neu).
Plasma preparation and immunoassays. Citrated blood was centrifuged (1400 g at 4°C for 10 minutes) immediately after venepuncture. Plasma was aliquoted and stored at −80°C before analysis. Plasma levels of elastase (DPC Biermann, Bad Nauheim, Germany), soluble P-selectin (R&D System, Abingdon, UK), von Willebrand factor (Diagnostica Stago, Asnières 
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Physiological and haematological parameters. The maximal workload was 221±8 W in Type 1 diabetic patients and 249±12 W in healthy subjects (p=0.07). Exercise increased (i) heart rate (from 63±2 to 186±3 beats per min in the patients and from 62±2 to 196±4 beats per min in the healthy subjects), (ii) systolic blood pressure (from 125±2 to198±3 mmHg and from 116±3 to 176±5 mmHg respectively; p<0.01 for both), and (iii) blood cell counts (Table 2) . Plasma norepinephrine increased from 1.2±0.1 to 16.1±0.4 nmol/l in diabetic patients and from 2.3±0.6 to 17.0±2.7 nmol/l in healthy subjects. Plasma epinephrine increased from 0.2±0.0 to 2.4±0.9 nmol/l and from 0.2±0.0 to 1.6±0.5 nmol/l respectively. Basal and post-exercise levels of catecholamines did not differ between the patients and healthy controls.
Platelet activation. The percentage of P-selectin-positive single platelets was not altered by exercise in the diabetic patients (1.2±0.1% before and 1.2±0.7% after exercise), but the P-selectin-positive platelet count increased from 2.6±0.2×10 9 /l to 3.6±0.2×10 9 /l (p<0.001), due to exercise-induced thrombocytosis (Table 2) . In healthy subjects, however, exercise increased the percentage of P-selectin-positive single platelets (from 1.0±0.1% to 1.6±0.2%; p<0.01), and the P-selectin-positive platelet count increased from 2.5±0.3×10 9 /l to 4.9±0.8×10 9 /l. Neither P-selectin expression nor single platelet counts differed between diabetes mellitus patients and healthy subjects before or after exercise.
As can be seen in Figure 1 , both ADP and thrombin dose-dependently increased platelet P-selectin expres- Fig. 1 . Platelet reactivity to agonist stimulation before and after exercise. Blood samples were collected before (circles) and after (triangles) exercise from healthy subjects (open symbols, solid lines) and from Type 1 diabetic patients (filled symbols, dashed lines). Samples were incubated without or with increasing concentrations of ADP (a) or thrombin (b), and platelet P-selectin expression was determined by flow cytometry. Means from 15 subjects are plotted; p values are from repeated measurements (ANOVA). Exercise enhanced platelet P-selectin expression in patients and healthy subjects (p<0.01 for both). Diabetic platelets had increased P-selectin expression upon stimulation with ADP (p<0.01) or thrombin in vitro (p<0.05) both before and after exercise sion. Platelets from the diabetic patients were more sensitive to stimulation by ADP ( Fig. 1a ; ANOVA p<0.01) and thrombin ( Fig. 1b ; ANOVA p<0.05) than platelets from healthy subjects. However, exercise enhanced ADP-and thrombin-induced platelet activation to a similar degree in diabetic patients and healthy subjects. Exercise elevated the plasma levels of soluble P-selectin from 53.0±3.7 to 57.8±4.7 ng/ml in the diabetic patients and from 55.1±4.2 to 66.8±6.3 ng/ml in healthy subjects (p<0.001 for both). Plasma-soluble P-selectin levels did not differ between diabetes mellitus patients and healthy subjects, either before or after exercise (p=0.18).
Leucocyte activation. Compared to healthy subjects, leucocyte CD11b expression in the diabetic patients was slightly, albeit not significantly, higher among total leucocytes (p=0.13) and neutrophils (p=0.12), and significantly higher in monocytes and lymphocytes (p<0.01 for both) (Fig. 2) .
Exercise increased leucocyte counts. The CD11b expression of monocytes and lymphocytes, but not of neutrophils, was elevated in the diabetic patients and in the healthy subjects after exercise (p<0.05 for both). The enhancement of leucocyte CD11b expression by exercise did not differ between diabetes mellitus patients and healthy subjects (ANOVA, p=0.64). Stimulation by fMLP induced marked leucocyte CD11b expression, which was slightly enhanced by exercise. For example, exercise increased fMLP-induced neutrophil CD11b expression from 2.23±0.15 to 2.41±0.16 in the diabetic patients (p<0.05), and from 2.15±0.25 to 2.30±0.11 in healthy subjects (p<0.01). Blood samples were obtained before and after exercise. Leucocyte CD11b expression was analysed by flow cytometry; CD11b mean fluorescent intensity (MFI) of pan leucocytes, lymphocytes, monocytes and neutrophils are presented as means ± SEM. Healthy subjects before exercise: open bars; healthy subjects after exercise: light hatched bars; diabetic patients before exercise: dotted bars; diabetic patients after exercise: heavy hatched bars. * p<0.01, compared to before exercise; # p<0.01, compared to corresponding data from healthy subjects Fig. 3 . Platelet-leucocyte aggregation before and after exercise. Whole blood samples were collected before and after exercise and analysed by flow cytometry. Percentages (a) and circulating quantities (b) of platelet-leucocyte aggregates (PLA), platelet-lymphocyte aggregates (P-Lym), plateletmonocyte aggregates (P-Mon) and platelet-neutrophil aggregates (P-Neu) are presented as means ± SEM. Healthy subjects before exercise: open bars; healthy subjects after exercise: light hatched bars; diabetic patients before exercise: dotted bars; diabetic patients after exercise: heavy hatched bars. # p=0.07, * p<0.05, ** p<0.01, compared to corresponding data before exercise; † p<0.01, compared to corresponding data from healthy subjects These enhancements did not differ between the two groups (ANOVA, p=0.84).
Plasma elastase was elevated by exercise, from 25.6±1.8 ng/ml to 62.8±11.5 ng/ml in diabetic patients, and from 30±2.8 ng/ml to 67.0±6.7 ng/ml in healthy subjects (p<0.001 for both). No difference was found between patients and healthy subjects.
Platelet-leucocyte aggregation. The percentages of circulating PLAs at rest did not differ between diabetes mellitus patients and healthy subjects. However, when leucocyte subpopulations were analysed, circulating platelet-monocyte aggregates (5.0±0.6% vs 3.4±0.4%; p<0.01) and platelet-lymphocyte aggregates (1.3±0.1% vs 1.0±0.1%; p<0.01) were found to be higher in diabetes mellitus patients than in healthy subjects. Exercise had little influence on the percentages of circulating PLAs (Fig. 3a) . Among leucocyte subpopulations, exercise slightly increased P-Mon (p<0.05) and P-Neu percentages (p=0.07) in the healthy subjects, but not among the diabetic patients (Fig. 3a) . In contrast, circulating PLA counts were markedly increased after exercise in patients and healthy subjects (p<0.001) (Fig. 3b) . Increases were found in all leucocyte subpopulations in healthy subjects. The increases of PLA counts among diabetic patients were somewhat lower (p=0.14), mainly due to a lesser increase of platelet-neutrophil aggregates (p<0.01).
Other plasma parameters. Exercise increased von Willebrand factor from 1.13±0.04 to 1.68±0.16 U in diabetic patients and from 0.94±0.06 to 1.65±0.10 U in healthy subjects (p<0.001 for both). Thus, the patients had higher basal plasma levels of von Willebrand factor (p<0.05), but there was no difference after exercise (p=0.35).
Exercise increased prothrombin fragment 1+2 from 0.47±0.02 to 0.58±0.04 nmol/l in diabetic patients and from 0.54±0.04 to 0.63±0.04 nmol/l in healthy subjects (p<0.001 for both; no difference between the groups, p=0.61).
Discussion
The present study shows that stress induced by strenuous exercise caused platelet and leucocyte activation in vivo, and enhanced their reactivity towards in vitro stimuli to a similar degree in Type 1 diabetes mellitus patients and healthy subjects. However, platelets from the Type 1 diabetes mellitus patients were hyperreactive to in vitro stimulation, in agreement with previous findings. In addition, CD11b expression of circulating monocytes was higher in diabetic patients before and after exercise.
Platelets from diabetes mellitus patients were hyperactive, as evidenced by platelet responses to ADP or thrombin stimulation in vitro and increased circulating platelet-monocyte aggregates, which reflect platelet activation in vivo. However, basal platelet Pselectin expression and soluble P-selectin were not increased among the diabetic patients, in agreement with the suggestion that platelet-monocyte aggregation is a more sensitive marker for platelet activation in vivo than single platelet P-selectin expression [20] . Mild leucocyte dysfunction was also present in our diabetic patients, as indicated by increased CD11b expression of circulating monocytes and enhanced monocyte CD11b expression after in vitro stimulation. Multiple mechanisms may account for diabetic platelet and leucocyte dysfunction. Thus, Type 1 diabetes mellitus is associated with enhanced protein kinase C activity [21] , elevated platelet cytosolic Ca 2+ levels due to increased Ca 2+ ATPase activity [22] , decreased nitric oxide synthase activity and increased superoxide anion production [22] . These alterations may act in concert to sensitise platelets and leucocytes.
Platelet activation during exercise is a complex issue. Exercise responses depend on exercise intensity and physical fitness of the tested subjects. It has been reported that moderate exercise may suppress platelet function, while intensive exercise (such as the exercise model used in the present study) primes and activates platelets [13, 14, 23, 24] . There is also evidence that platelets from sedentary individuals are more sensitive to exercise than those from physically active ones [25] .
Exercise (and other acute stressors) may trigger acute cardiovascular events [10] , but increased fitness has a protective effect, which could be related to reduced platelet reactivity [24, 26, 27] . It should thus be stressed that chronic exercise may reduce longterm cardiovascular risk in diabetic patients via suppression of platelet responses [24, 26, 27] and that exercise may help to achieve good metabolic control in diabetic patients [28] . In the present study, otherwise healthy and physically fit Type 1 diabetes mellitus patients and healthy men matched for age and BMI were subjected to exhaustive exercise. Several mechanisms may contribute to exercise-enhanced platelet activation. Markedly elevated plasma catecholamines during exercise could prime platelets via alpha-2 adrenoceptor activation [29, 30] . Exercise increases cardiac output and blood pressure, and subsequently increases shear force in the blood stream, which may also activate platelets. In addition, exercise increases the generation of thrombin, which is a strong platelet agonist. Other factors possibly contributing to platelet activation are: exercise-enhanced agonist-induced Ca 2+ influx [30] , elevated plasma levels of elastase [31] , and increased oxidative stress during exercise [32] . Although we confirmed our previous findings that strenuous exercise causes platelet activation in vivo and increases platelet reactivity in vitro [13] , we did not find enhanced reactivity to exercise among the diabetic patients. Thus, the key mechanisms to strenuous exercise-induced platelet activation, which are not yet fully understood, are not specifically disturbed in Type 1 diabetes mellitus.
Exercise induces leucocytosis via leucocyte release from the bone marrow and demarginalisation of leucocytes from the spleen, the lungs and other organs. In agreement with our previous report [13] , exercise enhanced leucocyte activation, as evidenced by increased CD11b expression and elevated plasma elastase levels. Exercise also enhanced leucocyte responsiveness to in vitro stimulation. Increased integrin expression of leucocytes facilitates their adhesion on and/or migration through endothelial cells, which are important processes in atherosclerosis. However, apart from increased platelet-monocyte aggregation at rest, we did not observe increased platelet-leucocyte aggregation in patients with Type 1 diabetes mellitus, either at rest or after exercise.
The present study shows that exercise enhanced platelet and leucocyte activity, as well as platelet-leucocyte aggregation to a similar degree in Type 1 diabetic patients and healthy subjects. Our hypothesis that diabetes would be associated with enhanced responses to stress was thus not proven. However, our diabetic patients were physically fit and in good metabolic control, and had minimal or no signs of microvascular complications. Yet poor metabolic control is known to contribute to platelet and leucocyte dysfunction in Type 1diabetes mellitus [33, 34] . Our data thus suggest that alterations of platelet and leucocyte function are mild in well-controlled diabetes mellitus patients, and that good metabolic control may help maintain normal responses of platelets and leucocytes to stress, thus alleviating diabetic cardiovascular complications.
In conclusion, strenuous exercise induces multicellular activation in vivo and promotes a prothrombotic state in Type 1 diabetes mellitus patients and healthy subjects. Diabetic platelets and monocytes were hyperactive, but the hyperactivity was not further augmented by stress. Thus, well-controlled Type 1 diabetes mellitus may not sensitise patients to the risk of cardiovascular events triggered by stress.
